Type I signal peptidase (SPase I) catalyzes the cleavage of the amino-terminal signal sequences from preproteins destined for cell export. Preproteins contain a signal sequence with a positively charged n-region, a hydrophobic h-region, and a neutral but polar c-region. Despite having no distinct consensus sequence other than a commonly found c-region "Ala-X-Ala" motif preceding the cleavage site, signal sequences are recognized by SPase I with high fidelity. Remarkably, other potential Ala-X-Ala sites are not cleaved within the preprotein. One hypothesis is that the source of this fidelity is due to the anchoring of both the SPase I enzyme (by way of its transmembrane segment) and the preprotein substrate (by the h-region in the signal sequence) in the membrane. This limits the enzyme-substrate interactions such that cleavage occurs at only one site. In this work we have, for the first time, successfully isolated Bacillus subtilis type I signal peptidase (SipS) and a truncated version lacking the transmembrane domain (SipS-P2). With purified full-length as well as truncated constructs of both B. subtilis and Escherichia coli (Lep) SPase I, in vitro specificity studies indicate that the transmembrane domains of either enzyme are not important determinants of in vitro cleavage fidelity, since enzyme constructs lacking them reveal no alternate site processing of pro-OmpA nuclease A substrate. In addition, experiments with mutant pro-OmpA nuclease A substrate constructs indicate that the h-region of the signal peptide is also not critical for substrate specificity. In contrast, certain mutants in the c-region of the signal peptide result in alternate site cleavage by both Lep and SipS enzymes.
Proteins that are exported across the bacterial cell membrane generally contain amino-terminal signal peptides that are cleaved during translocation of the exported protein across the lipid bilayer. Cleavage of these signal peptides is accomplished by type I signal peptidases (SPase I). 1 Since these enzymes are essential for the viability of bacteria (1-4), they are currently of interest as possible targets for the design of novel antibiotics (2) . Type I signal peptidases belong to a class of serine proteases that appear to utilize a serine/lysine dyad mechanism rather than the serine/histidine/aspartic acid catalytic triad seen in the more classical serine proteases (5) . The most thoroughly studied type I signal peptidase is the Gram-negative Escherichia coli signal peptidase (or leader peptidase (Lep)) (6) . Unlike E. coli, which contains only one chromosomal copy of Lep, the Gram-positive Bacillus subtilis contains five chromosomal (SipS, SipT, SipU, SipV, and SipW) and two plasmidencoded type I signal peptidases (SipP (pTA1015) and SipP (pTA1040) (7)). The B. subtilis SPases SipS, SipT, SipU, and SipV, which maintain the sequence similarity to the E. coli paralog, are much smaller in size, contain only one transmembrane anchor instead of two, and have a much smaller predicted ␤-sheet domain II than the E. coli enzyme (8) . Five of the 30 conserved residues within signal peptidase of B. subtilis (SipS; 21 kDa, 184 amino acids) have been found to be critical for enzyme function (9, 10 are required for activity. Ser 43 is the putative nucleophile, while Lys 83 is believed to act as the general base in the catalytic mechanism of SipS.
Except for residues involved in catalysis, there has been little work on the in vitro characteristics of purified SPases other than E. coli Lep. We report in this study the in vitro characterization of the Gram-positive B. subtilis type I SPase, SipS, and compare its substrate specificity with Gram-negative E. coli type I SPase, Lep. We find that some mutated variants of PONA are better substrates with SipS, whereas these same mutant preprotein substrates are poorer substrates for E. coli Lep. In addition, we find that transmembrane anchoring of the SPase I enzyme is not essential for the recognition of the correct "Ala-X-Ala" cleavage site in the PONA substrate. Using wild type and mutated variants of PONA, we find that truncated constructs of E. coli Lep or B. subtilis SipS are still able to maintain substrate specificity and cleave at the proper cleavage site. With respect to the signal sequence of the preprotein substrate PONA, our in vitro specificity studies also show that the h-region is not important for cleavage accuracy. In contrast to the effects of some mutations in the c-region of the signal peptide, no h-region changes resulted in altered cleavage site specificity for either the E. coli or B. subtilis enzymes.
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§ Supported by National Institutes of Health (NIH) Grant GM 08512. (ACT GGA GGA GAT ATC ATC AAA TCA GAA AAT GTT) and an antisense primer (GGA AGC TGC TGG ATC CTA ATT TGT TTT GCG CAT for the SipS WT. The underlined sequences are the EcoRV and BamHI restriction sites, respectively. The sense primer for the SipS-P2 construct was CTT GCT TTG GAT ATC CGC AAC TTT ATT TTT. The polymerase chain reaction fragments were cut with EcoRV and BamHI and then ligated in frame into the XmnI and BamHI restriction sites of the pMAL-c2 expression vector (New England Biolabs) containing the inducible Ptac promoter. Ligations were transformed into E. coli host TB1, ara⌬(lac proAB) rpsL (80 lacZ⌬M15) hsdR. DNA manipulations were performed as described by Maniatis et al. (11) . The cloning procedures used T4 DNA ligase and restriction enzymes from Life Technologies, Inc.
Expression and Purification of the MBP-SipS Fusions-E. coli (TB1) containing the pMAL-c2 vector with the SipS gene was grown in LuriaBertani medium containing 100 mg/liter ampicillin. Each liter of medium was inoculated with 10 ml of the overnight cell culture. The cells were grown at 37°C to a cell density A 600 ϭ 0.7, at which time isopropyl-␤-D-thiogalactopyranoside was added to induce the expression of the fusion protein. The cells were allowed to grow for an additional 4 h and then harvested by centrifugation (5000 ϫ g for 5 min, 4°C). The cells were then resuspended in lysis buffer (10 mM Na 2 HPO 4 , 1.0 mM phenylmethanesulfonyl fluoride, 30 mM NaCl, 0.07% ␤-mercaptoethanol, 10 mM EDTA, 10 mM EGTA, pH 7.0) and then lysed by passing them five times through a French pressure cell at 16,000 p.s.i. The lysate was centrifuged (27,000 ϫ g for 30 min, 4°C) and the supernatant was diluted 1:5 with 20 mM Tris-HCl, pH 7.4, and then applied to an amylose resin affinity column (New England Biolabs, 2.5 ϫ 10 cm) at a flow rate of 1 ml/min. The column was then washed with two column volumes of 20 mM Tris-HCl, pH 7.4. The fusion protein was eluted with 20 mM Tris-HCl, pH 7.4, containing 10 mM maltose. Fractions were collected and analyzed for protein by the Bradford method (12). MBPSipS-P2 fusion protein was further purified on a Bio-Gel HTP hydroxyapatite column (1.5 ϫ 10 cm) using a gradient elution scheme of 10 -500 mM potassium phosphate, pH 7.4. The fusion proteins were dialyzed extensively (2 ϫ 9 liters) against 20 mM Tris-HCl, pH 7.4, and then stored frozen at Ϫ70°C.
Cleavage of the MBP-SipS WT Fusion Protein-The MBP-SipS WT fusion protein construct contains a factor Xa cleavage site located immediately prior to the amino terminus of the SipS protein. Our preliminary studies indicated that factor Xa cleaves the MBP-SipS WT fusion very slowly (approximately only 50% cleavage in 2-3 days at room temperature). Since the factor Xa cleavage site ended with an arginine, we developed a limited trypsin (Sigma) digest procedure to cleave the MBP-SipS fusions using 0.1% weight of trypsin/weight of fusion for 1 h (13). After an optimal digestion time (ϳ20 -60 min), as determined individually from small scale experiments of each purification, the trypsin activity was inhibited using phenylmethanesulfonyl fluoride and trypsin inhibitor bound to agarose beads (Sigma).
Cleavage of the MBP-SipS-P2 Fusion Protein-The MBP-SipS-P2 fusion protein was cleaved using factor Xa. The fusion protein was incubated at room temperature for 18 h using 2.2 g of factor Xa/mg of MBP-SipS-P2 fusion in 50 mM Tris-HCl, pH 8.0, 100 mM NaCl, and 2 mM CaCl 2 . The factor Xa cleavage reaction was stopped by the addition of 1,5-dansyl-Glu-Gly-Arg chloromethyl ketone dihydrochloride from Calbiochem.
Purification of SipS and SipS-P2 from MBP-The SipS (WT) enzyme was separated from the cleaved MBP by applying the protein to an Amersham Pharmacia Biotech FF Q Sepharose anion exchange column (1.5 ϫ 5 cm), which was equilibrated with 20 mM Tris-HCl, pH 7.4. SipS was then eluted with a 100 -700 mM NaCl gradient. Fractions containing pure SipS protein were pooled and dialyzed against 20 mM Tris-HCl, pH 7.4, and then stored at Ϫ70°C. The SipS-P2 protein was separated from the cleaved MBP by a Bio-Gel HTP hydroxyapatite column (1.5 ϫ 10 cm) using a gradient of 10 -500 mM potassium phosphate, pH 7.4.
Purification of WT Lep and ⌬2-75 Enzymes-WT (Lep) and truncated (⌬2-75) E. coli type I signal peptidase enzymes were purified as described previously (14, 15) .
Isoelectric Focusing of SipS-One g of SipS WT was loaded onto an isoelectric focusing gel using the Amersham Pharmacia Biotech Phast Gel system, Phast gel 3-9 media, and Amersham Pharmacia Biotech broad range pI standards (0.2 g of standard was applied to the gel). The gel was visualized by Phast Gel Blue R Coomassie staining.
Mass Spectral Analysis-Purified SipS, SipS-P2, and substrate PONA masses were confirmed by electrospray ionization mass spectrometry using a MicroMass VG Quattro II mass spectrometer and a Finnigan LC Q classic ion trap mass spectrometer.
Cloning, Mutagenesis, and Purification of the Pro-OmpA Nuclease A-The coding sequence for the pro-OmpA nuclease A substrate, a hybrid of the staphylococcal nuclease A fused to the signal peptide of outer membrane protein A (OmpA), was excised from pONF1 (16) by digestion with XbaI and SalI and ligated into pET21a(ϩ) (Novagen) that had been previously digested with XbaI and XhoI to produce the pETON2 T7 expression vector. Mutagenesis of the pETON2 vector was performed using the "Mega-primer" method (17) and the QuikChange system (Stratagene). The complete open reading frame for each mutant was sequenced by fluorescent dye termination using a PerkinElmer Life Sciences/Applied Biosystems model 377 automated DNA sequencer. The wild type and mutant overexpressed pro-OmpA nuclease A proteins were purified as described by Chatterjee et al. (18) . The His 6 -tagged PONA mutants were also prepared as described by Chatterjee et al. except with the substitution of a nickel chelate affinity step for the final ion exchange chromatography step. In this final step, His 6 PONA extract was loaded onto a 1-ml bed volume Ni 2ϩ -nitrilotriacetic acidagarose (Qiagen, Inc.) column and eluted with a stepwise 100 -500 mM imidazole gradient.
Activity and Kinetic Analyses Using PONA-To determine the kinetic constants (k cat , K m ) of SipS, we used the preprotein substrate pro-OmpA nuclease A. Substrate concentrations were determined by using an E 1% at 280 nm of 8.3 (18) . The cleavage reaction (75 l) was in 50 mM Tris, 10 mM CaCl 2 , 1% Triton X-100, pH 8.0, with the substrate at five different concentrations (37.3, 24.9, 18.7, 12.4, and 6.2 M). The reaction was initiated by the addition of SipS. The concentration of SipS as determined by the Pierce BCA protein assay kit was 0.33 M. The reaction was carried out at 37°C, and aliquots of the reaction were removed at various times so that less than 10% processing of the substrate was achieved. The reaction was stopped by the addition of 5 l of 5ϫ sample buffer, and the samples were frozen immediately in a dry ice/ethanol bath. The amount of pro-OmpA nuclease A that was processed by SipS was assayed by SDS-PAGE on a 17.2% gel, followed by staining with Coomassie Brilliant Blue. The precursor and mature proteins were quantified by scanning the gels on a Technology Resources, Inc. Line Tamer PCLT 300 scanning densitometer. Percentage processing was determined by dividing the area of the mature protein band by the sum of the mature and precursor band areas. The initial rates were determined by plotting the amount of product versus time. The V max , k cat , and K m values were extracted from a 1/V i versus 1/[S] plot where V i is the initial velocity. We used the computer program Microcal Origins to plot the data and for linear regression analysis of the data. All values are from at least three different experiments. The comparisons of the initial rates of processing of the wild type and mutated variants of PONA by Lep or SipS enzymes were performed using a constant substrate concentration of 10 M and a constant enzyme concentration of 10 nM (for the point mutants) or 0.33 M (for the more extensive mutations) in 100 mM Tris-HCl, 10 mM CaCl 2 , pH 8.0, 1% Triton X-100. For each 11-l reaction volume, 11 l of 2ϫ dye was added after a 60-min incubation at 37°C. Initial velocities were determined by densitometric quantitation (as above) of 10-l aliquots taken at various time points from 84-l reaction volumes incubated at 37°C. All reaction samples and time points were run on 17% SDS-PAGE gels and visualized by Coomassie Blue staining.
Detergent Requirement Studies-SipS (WT) in 20 mM Tris-HCl, pH 7.4, at 19 M (400 g/ml) was diluted into 20 mM Tris-HCl, pH 7.4, buffer with or without 0.5% Triton X-100. The reaction was initiated by the addition of 1 l of each dilution to 10 l of 20 M PONA with or without 0.5% Triton X-100. The reaction was incubated at 37°C for 1 h and then stopped by the addition of 2 l of 5ϫ sample buffer. The reaction samples were then run on 17% SDS-polyacrylamide gel and visualized by Coomassie Blue staining.
Amino Acid Sequence Alignment-The amino acid sequences of Lep (Swiss-Prot number P00803) and SipS (Swiss-Prot P28628) were aligned using the program ClustalX (19). Secondary structure-based gap penalties were used in the profile alignment of the two sequences. The secondary structure of the soluble fragment of Lep (8) Fig. 1A . Whereas the 323-amino acid Lep protein has two transmembrane segments (TM), the 184-amino acid SipS only contains one (Fig. 1A) . SipS-P2 is a SipS deletion mutant construct missing the transmembrane segment (amino acid residues 2-28). SipS and SipS-P2 were expressed and purified as maltose-binding protein (MBP) fusions. The amino acid sequences of the fusion linker region for MBP-SipS and MBP-SipS-P2 are shown in Fig. 1B . Expressing full-length and truncated B. subtilis type I signal peptidase as MBP fusions allowed us to purify 1-mg quantities of the enzyme. We typically obtained approximately 10 mg of pure fusion protein/liter of cell culture. Trypsin was used to cleave the WT SipS from the isolated SipS-MBP fusion protein. On the other hand, because of its higher susceptibility to trypsin digestion, factor Xa was used to cleave SipS-P2 from the SipS-P2-MBP fusion protein. Fig. 2 , A and C, show the progression of the purification schemes for SipS and SipS-P2, respectively. SipS-P2 was further purified using hydroxyapatite affinity chromatography (not shown). The addition of detergent to the extraction and purification buffers (1% Triton X-100) did not increase the yield of full-length SipS with the putative transmembrane domain (not shown). The purification data in Fig. 2 reflect purification protocols without the use of any detergents.
Electrospray ionization mass spectrometry analyses of the purified protein indicate that we actually have two populations of protein differing by 2 amino acid residues. In the SipS spectrum (Fig. 2B) , two peaks are seen corresponding to the molecular weights that would be expected if trypsin cleaved at the Arg in the factor Xa cleavage site and at the Lys 2 residue (Fig. 1B) . There is an amino-terminal Ile resulting from the construction of the EcoRV restriction site. For SipS-P2, however, the molecular weights indicated by electrospray ionization mass spectrometry (Fig. 2D) indicate that, in addition to cleavage at the factor Xa site Arg and at Arg 30 at the N terminus (Fig. 1B) , cleavage occurs after the sequence -NEMRat the C terminus of the protein. This results in truncation of SipS-P2 by 3 amino acids at its C terminus. Factor Xa is known to recognize the sequences -IEGR-, -IDGR-, and -AEGR- (21) , but cleavage at other similar (secondary) sites is not uncommon (22) (23) (24) . Because only two populations of proteins are evident in Fig. 2D for SipS-P2, cleavage at the C-terminal -NEMRsequence appears to be better recognized than the -IEGR-or -RIMK-sequences at the N terminus of the protein.
Both SipS and SipS-P2 MBP fusion proteins exhibited enzymatic activity before and after cleavage of the MBP moiety (data not shown). The engineered linker region (10 Asn residues) probably provides sufficient flexibility to allow the preprotein substrate access to the SipS active site (Fig. 1B) . After cleavage of the MPB fusion, purified SipS and SipS-P2 enzymes were able to process purified PONA substrate in vitro as shown in Fig. 3, A and Fig. B 
Interestingly, the activity of full-length SipS, an enzyme with a transmembrane segment, was only slightly activated by detergent. In a serial dilution activity profile, we observed only a slight increase (5-fold) in activity with SipS in the presence of 0.5% Triton X-100 detergent (Fig. 3C) . In contrast, we observed approximately a 100-fold stimulation with the E. coli ⌬2-75 (15) using the same substrate. It also is shown in Fig. 3D that, even without detergent, full-length SipS exhibits detectable processing of PONA down to a final reaction enzyme concentration of 7 nM (250-fold dilution lane).
Processing of PONA by E. coli Lep and B. subtilis SipS at identical cleavage sites was verified by electrospray mass spectrometry, and the results are shown in Fig. 4 . The calculated mass of the full-length PONA preprotein substrate is 18,839.7 Da, while the mass of the mature nuclease A fragment after processing at the predicted cleavage site (after the sequence -FATVAQA-, discussed below) is 16,811.2 Da. Table II . SipS processed all of the point mutant substrates within the same order of magnitude relative to the wild type substrate. The highest SipS processing occurred with the VϪ12A and VϪ4P mutants. The sequence numbering system is relative to the cleavage site (i.e. the residues in the signal peptide are negative, and the numbers in the mature protein are positive). The KϪ20D and Aϩ1R mutants were processed with roughly twice the initial velocity of the wild type PONA substrate. The mutants at the Ϫ8 position (GϪ8A and GϪ8R) had little effect on the initial rate of processing. The LϪ10N mutant was processed at a slightly slower rate than wild type. As expected, the AϪ1R and AϪ3R negative control mutants displayed no detectable processing by SipS in the time periods assayed (Table II) . A rather surprising result was that a double Arg mutant (VϪ12R/GϪ8R) in the h-region of the signal peptide of PONA was processed by SipS (Table II) .
To look closer at the role of the h-region and the c-/h-region boundary of the signal peptide with respect to E. coli or B. subtilis SPase I processing, other more extensive amino acid mutants in the signal peptide h-or c-region of the substrate PONA were constructed. The amino acid sequences in the signal peptide region for each of these mutant variants of purified PONA are listed in Table III . A comparison of processing by purified full-length or truncated E. coli SPase I (Lep, ⌬2-75) or B. subtilis SipS (SipS, SipS-P2) enzymes against these purified PONA mutant proteins are illustrated in Fig. 5 . The 6HisPONA construct indicates PONA amended with a hexahistidine tag in the N-terminal region of the signal peptide. This purified variant of PONA enabled us to use a more rapid scheme for the purification of the WT form as well as some of the mutated PONA substrates. There were no differences in k cat , K m , and specificity (compared with WT with no His 6 tag) resulting from this insertion at the N terminus of PONA (data not shown). Because of the different mutations,
FIG. 1. Primary amino acid sequences of E. coli (Lep) and B. subtilis (SipS) type I signal peptidases.
A this alignment is based on the structure of Lep (8) . The secondary structure of Lep is shown above the sequences. Domain I, the catalytic domain, is indicated by black secondary structure, whereas domain II, the extended ␤-ribbon, and C terminus are indicated by gray secondary structure. Lep contains two transmembrane segments (TM), while SipS contains only one. Boxes A-E represent conserved regions in type I signal peptidases (6) . B, amino acid sequence of the fusion linker region of the MBP-SipS and MBP-SipS-P2 constructs. The predicted molecular weights for MBP-SipS and MBP-SipS-P2 are approximately M r 63,000 and 60,000, respectively. Shown in boldface type are amino acids for MBP and the linker region. The cleavage site for factor Xa is underlined.
the masses of each of the starting unprocessed PONA substrates varied (see No Enzyme added control gel and upper bands in other gels), but, as shown in Fig. 5 , an identical lower molecular weight band (mature nuclease A) is present in all cases where processing was detected. Cleavage of each of the purified mutated PONA substrate variants at the identical cleavage site as WTPONA (M r ϳ16,800 for mature nuclease A) was also verified (as in Fig. 4 ) by mass spectrometry (not shown).
The Membrane-spanning Domains of B. subtilis or E. coli SPase I Are Not Required for Cleavage Site Specificity-One of the more significant results in the comparisons of B. subtilis versus E. coli SPase I processing of the extensive PONA signal sequence mutants is that obtained with the truncated enzymes. Although the processing by truncated enzyme constructs, ⌬2-75 or SipS-P2, of wild type (or WT-His 6 ) PONA is slightly less efficient than with the full-length enzymes, it is shown in Fig. 5 (lane 1) that substrate specificity is maintained. Even without their respective transmembrane regions, these purified catalytic domains of the E. coli and B. subtilis SPase I enzymes are still able to recognize and process the substrate at the same cleavage site.
Gln Insertions at the h/c-region Boundary Are More Efficiently Processed by the B. subtilis Enzyme Constructs-The Q5
and Q10-PONA constructs represent 5 and 10 Gln residue insertions, respectively, to extend the c-region of the signal peptide at the h-region boundary. Gln was chosen because of its hydrophilic nature, occurrence in natural signal peptides (25) , and low likelihood of alternate cleavage site introduction (26 -28) . The PONA signal peptide Gln amino acid insertion mutants are listed in Table III . The extension of the signal peptide c-region by 5 or 10 Gln residues resulted in the maintenance of enzyme specificity (as evidenced by a single processed band), but SipS or SipS-P2 better tolerated the changes than Lep or ⌬2-75. As seen in Fig. 5 , there is greater processing of Q5 or Q10PONA by either SipS or SipS-P2 (lanes 3 and 4) . For illustrative and quantitative purposes, the initial velocities for Lep, ⌬2-75, SipS, and SipS-P2 processing of the Q5PONA mutant were determined. As seen in Table IV , the initial velocity ratios indicate that the Q5PONA mutant is indeed processed more efficiently by the SipS or SipS-P2 enzymes. With an initial velocity ratio (Lep/SipS) of 0.23, the SipS initial velocity is a little over 4 times greater than the Lep initial velocity at the conditions tested. Similarly, the truncated SipS-P2 enzyme is more efficient at processing Q5PONA substrate than its E. coli counterpart, ⌬2-75, with an initial velocity ratio of 0.39 (⌬2-75/SipS-P2). (Table II) . To further examine the role of the h-region, this domain was extended by 5 and 10 Leu residues (L5PONA and L10PONA, respectively) as listed in Table III . Leu was chosen because of its hydrophobic nature, occurrence in natural signal peptides (25) , and low likelihood of alternate cleavage site introduction (26, 27) . Using both the L5PONA and L10PONA substrate constructs, processing is less efficient compared with WTPONA (lane 1), but only one cleavage product (M r ϳ16,800) is observed (Fig. 5,  lanes 5 and 6) , indicating maintenance of cleavage at the correct site. No detectable processing is observed, however, of the L10PONA substrate with the SipS-P2 truncated B. subtilis enzyme. No evidence of alternate site cleavage is apparent with either of these purified h-region mutants.
An Extension of the h-region of the Signal Peptide Does Not Affect Cleavage Site Selection by SPase I-The disruption of the h-region did not affect processing by SipS
In contrast to h-region mutants that had no effect on cleavage site fidelity, a c-region mutant of the signal peptide of PONA results in alternate site processing. A random presequence, referred to as A13, was reported by van Dijl and colleagues (9) to enable efficient in vivo processing of A13-␤-lactamase by both E. coli Lep and B. subtilis SipS. In our study, purified A14 and A15PONA proteins signify 6 and 10 amino sequence portions, respectively, of the reported A13 presequence inserted into the C-terminal region of the signal peptide of PONA substrate (see Table III ). In vitro, as seen in Fig. 5  (lane 7) , the A14PONA mutant substrate, with a six-amino acid insertion (DPLEST), gives similar results to the Q5PONA and Q10PONA mutants, whereby processing compared with WT-PONA is reduced but cleavage site specificity is maintained. Initial velocity calculations for the A14PONA substrate are shown in Table IV . The calculated initial velocity ratios of 0.72 (Lep/SipS) and 0.07 (⌬2-75/SipS-P2) confirmed that the A14PONA substrate is slightly preferred by B. subtilis SipS or SipS-P2. On the other hand, the 10-amino acid insertion construct (VGSGDPLEST), resulting in the mutant A15PONA, results in loss of cleavage site specificity and poor processing efficiency. In vitro processing of A15PONA by Lep, ⌬2-75, SipS, or SipS-P2 results in two cleavage products as seen in Fig. 5, lane 8 . As verified by mass spectrometry, the higher molecular weight product (M r ϳ18,100) results from cleavage after -AIAIAVALA-in the signal sequence, while the lower molecular weight product (M r ϳ16,800) results from cleavage at the "correct" site (after -DPLESTAQA-).
DISCUSSION
A soluble MBP-SipS fusion protein was purified in the total absence of detergent. The analogous E. coli enzyme, Lep, has two transmembrane regions and it has been found to aggregate and precipitate out of solution under identical conditions. Unlike Gram-negative E. coli Lep, the Gram-positive SipS protein maintained sufficient tolerance to mild trypsin digestion, enabling rapid cleavage of MBP from the purified fusion protein.
Purified B. subtilis SipS enzyme is able process PONA to completion (Fig. 3A, 1 dilution) with a k cat of 0.034 Ϯ 0.006 s
Ϫ1
and a K m of 44 Ϯ 10 M (Table I) . Although about 100-fold less active than full-length SipS, the truncated version, SipS-P2, can also process PONA substrate to completion at higher enzyme concentrations or at longer incubation periods than the 1-h end point shown in Fig. 3B . Purified PONA substrate thus provides a readily available in vitro assay of SipS or SipS-P2 activity. It is interesting that, at the conditions studied, the ratios of the initial velocities of full-length to truncated E. coli or B. subtilis enzymes were similar (Table IV) . The Lep/⌬2-75 and SipS/SipS-P2 initial velocity ratios were 3.17 and 3.40, respectively, indicating similar losses in cleavage efficiency from the deletion of the transmembrane regions.
The activity of the purified B. subtilis enzyme, SipS, is only slightly stimulated by Triton X-100 detergent. This is in contrast to the E. coli ⌬2-75 enzyme that is strongly stimulated by detergent (15) . As shown in Fig. 1A , SipS is missing a second transmembrane domain and a good portion of a ␤-sheet domain found in Lep. This may result in a smaller hydrophobic patch surrounding the active site of SipS and lead to the lower detergent requirement observed.
In a scanning mutagenesis approach, point mutations in the signal peptide of PONA substrate were constructed to see their effect on processing by SipS enzyme. The rationale for the point mutants listed in Table II is as follows: Aϩ1R, to see the effect of a positive charge in the first position of the mature protein; VϪ4P, to delineate the c-and h-region boundary, since prolines are typically found in this region (29, 30) ; GϪ8R, LϪ10N, and VϪ12R were intended to disrupt the h-region; KϪ20D, a negative charge here would neutralize the adjacent Lys, giving the n-region no net charge overall (a positively charged n-region is typical of signal peptides (31)); AϪ1R and AϪ3R mutants were intended as noncleavable controls following the previously reported results of Ϫ3 and Ϫ1 charged residues preventing processing (32-35).
As expected, changing the Ϫ1 or Ϫ3 residue of PONA to arginine prevented processing of the substrate. No processing was observed at nearby, potential alternative cleavage sites. This is in contrast to work on the precursor to the maltosebinding protein, where certain mutations at the Ϫ1 site resulted in processing at an alternative site (34) . Except for GϪ8A and LϪ10N, all of these point mutants resulted in increased processing (as measured by initial velocity) in vitro by SipS enzyme. The mutations probably result in subtle changes to the signal peptide conformation of each individual mutant, thus affecting the interactions with SipS enzyme. Several interesting results were obtained by studying the substrate specificity of signal peptidases using the purified full-length and truncated forms of E. coli Lep and B. subtilis SipS enzymes. First, we found that a simple tethering of the signal peptidase catalytic domain by the transmembrane segment is not a major factor involved in specificity at the Ϫ3, Ϫ1 cleavage site. This result was surprising because one compelling hypothesis in the field is that type I signal peptidase recognition of the "correct" substrate cleavage site occurs because the anchoring of the enzyme by way of its transmembrane domain limits its mobility. The Ϫ3, Ϫ1 signal peptidase cleavage site is typically an Ala-X-Ala motif (36, 37) , and this limitation in mobility of the enzyme results in the recognition of only the correct Ala-X-Ala site and not other such sites in the signal peptide or mature region of the substrate. Only one such cleavage site is recognized on a substrate that is also membrane-tethered (by the h-region of the signal sequence). This hypothesis was tested by examining the specificity of truncated versions of E. coli Lep and B. subtilis SipS. Substrate cleavage at the correct site is maintained with the truncated enzymes, ⌬2-75 and SipS-P2. In Fig. 5 , lane 1, it is shown that ⌬2-75 and SipS-P2 process WTPONA at the same cleavage site (after -GFATVAQA-; Table III ) as full-length Lep and SipS. For both the full-length and truncated enzymes, only one (identical) mature processed band is observed. In all cases, the mature protein was determined to be M r ϳ16,810 by mass spectrometry. The lack of other processed bands indicates no processing at alternative cleavage sites. Although less efficient than fulllength enzyme, the truncated enzymes, ⌬2-75 and SipS-P2, still cleave at the same position and do not recognize other potential cleavage sites in the presequence or the mature protein.
Second, a longer signal peptide h-domain attached to the substrate does not necessarily make it a better substrate. One reason to expect this is that the average Gram-positive signal peptide is 32.0, while the average Gram-negative signal peptide is 25.1 amino acids in length (38, 39) . This greater average length in the Gram-positive species is due in part to the longer h-regions of the signal peptide. In our studies, however, the extension of the h-region in the presequence of PONA by 5 and 10 Leu residues did not improve its cleavability by the Gram- 
positive B. subtilis enzyme. The insertion of 5 Leu residues (L5PONA) resulted in overall slower processing by all of the enzyme constructs studied (Lep, ⌬2-75, SipS and SipS-P2; Fig.  5 , lanes 5 and 6). The insertion of 10 Leu residues (L10PONA) resulted in a much more severe decrease in processing than L5PONA for each of the enzymes used. In fact, no processing was detected at all for processing of L10PONA by SipS-P2 even after an extended overnight incubation (not shown) at the conditions used for Fig. 5 (1-h incubation). There were no observed changes in "enzyme preferences" for these two PONA h-region mutants. Like with WTPONA, there was greater processing by Lep and ⌬2-75 of L5PONA or L10PONA substrate than by SipS (or SipS-P2) enzymes (Fig. 5) . With respect to specificity, the signal peptide h-region insertion mutants did not exhibit any evidence of alternate site cleavage. Both L5PONA and L10PONA were processed at the same cleavage site as WTPONA substrate. Third, disruption of the length of the h-domain in the signal peptide of PONA by Arg substitutions at either the Ϫ12 or Ϫ8 position (Tables II and III) did not affect processing. Even the introduction of both positive charges to obtain the double Arg mutant (Table III) , resulted in a substrate displaying a measurable initial velocity with SipS (Table II) . These results clearly show that the length of the hydrophobic domain can be shortened without a marked effect on signal peptide processing by the B. subtilis signal peptidase. This is surprising in light of recent results by Stein et al. (40) , who showed that the insertion of 10 consecutive leucine residues into a short fluorogenic peptide substrate (41) resulted in a dramatic 10 4 increase in
Fourth, although the c-regions of Gram-positive bacterial signal peptides are also typically longer than the c-region of Gram-negative bacterial signal peptides (38, 39) , the lengthening of the c-region of PONA did not improve its efficiency as a substrate for Gram-positive SipS. In our study, the Q5PONA and Q10PONA constructs were created to extend the c-region of the signal sequence of PONA by 5 and 10 Gln residues, respectively (see Table III ). No change in cleavage site specificity was observed, but processing trials of these substrates indicated that SipS or SipS-P2 more efficiently cleaves them than the E. coli enzymes. In Fig. 5, lanes 3 and 4, greater processing is observed for the B. subtilis enzyme(s) than the E. coli signal peptidase for Q5PONA and Q10PONA. Since the results for Q5PONA were more dramatic than with Q10PONA, the initial velocities were determined for the Q5PONA substrate mutant (see Table IV ). For Q5PONA, the SipS initial velocity is over four times greater and the SipS-P2 velocity is about 2.5 times greater than the calculated initial velocities for Lep and ⌬2-75, respectively. An extension of the c-region was made to mimic a portion of the van Dijl sequence reported to be processed by both Lep and SipS (9) . This 6-amino acid insertion of the sequence DPLEST into the c-region of the presequence of PONA produced a mutant (A14PONA) with similar cleavage characteristics to the Gln 5 insertion mutant, Q5PONA. Like Q5PONA, the initial velocities of A14PONA processing are greater for the B. subtilis enzyme constructs than the E. coli enzyme constructs (Fig. 5, lane 7 and Table IV) . A further extension of this A14PONA mutant by an additional 4 residues (to produce A15PONA, which includes more of the van Dijl A13 presequence) again resulted in a substrate that was better processed by SipS and SipS-P2, but cleavage at another cleavage site was now apparent with all of the enzymes (Fig. 5, lane  8, asterisk) . 
MLKKVILAAFILVGVGSGDPLESTAQA-␤-lactamase
a The h-region is shown underlined as a point of reference, the mutant amino acid insertions are shown in bold, and the cleavage site (scissile bond) is shown as a dash. The n-region precedes the h-region, and the sequence between the h-region and the scissile bond is the c-region.
b The A13 van Dijl presequence (9) is illustrated to show the amino acid sequence used for the A14PONA and A15PONA substitutions. 
